Particle track reconstruction capabilities of the silicon tracking detector system have been studied. As the multiple Coulomb scattering (MCS) induces unavoidable uncertainties on the coordinate measurement, the corresponding error estimates and the associated correlations have been used to find the best track fit parameters and their errors. Finally it permits to find the proper particle characteristics, as vertex position and resolution, flight direction and the error.
Introduction
Design and preparation of any components of a detector system must take care of characteristics and detection performances (efficiency, acceptance, position or energy resolution) necessary for a specific process study. The silicon tracking detector system, in our case, must furnish the best information about the coordinate track intercept of the incident particle on every detector layer. Otherwise, for a good track reconstruction, it is necessary to find the best estimate of the track parameters in a specific particle measurement. This is the reason we studied, the particle transport in a silicon tracking system and estimated the multiple Coulomb scattering (MCS) perturbation in particle track measurements.
This study furnishes information on the position resolution we could get from every detector layer, and also its dependence on some physical and geometrical parameters. In the detector system design these parameters could be choosed in an optimal manner, aiming the best track reconstruction possibilities or the best estimate of the track parameters (vertex position, curve radius) directly connected to physical quantities.
The simplified tracking system we used, consists of a 5 layers silicon microstrip detector, 300µm thick, interspaced by 1.5 cm, and the first detector layer located at 130 cm from the interaction point (see Fig.1 ).
2 The track particle position uncertainties due to multiple Coulomb scattering.
When a charged particle is traversing the detector elements of a tracking system, it undergoes small deviations of the track, due to MCS. The effect is usually described by the theory of Moliere (see for example [1] ). It shows that, by traversing detector's material, thickness s, the particle undergoes successive small-angle deflections, symmetrically distributed about the incident direction. Applying the central limit theorem of statistics to a large number of independent scattering events, the Moliere distribution of the scattering angle can be approximated by a Gaussian one [2] . It is sufficient for many applications to use Gaussian approximation for the central 98% of the plan projected angular distribution. The width of this distribution is the root mean square of the scattering angle [3] 
where p, βc and z c are the momentum, velocity and charge number of the incident particle, and X L is the radiation length of the scattering medium. That is, the plane projected angle θ plane,x or θ plane,y of the deflection angle θ, onto the xOz and yOz planes, where the x and y axes are orthogonal to the Oz direction of motion, shows an approximately
Deflections into θ plane,x and θ plane,y are independent and identically distributed, and θ
The angular distribution is translated to a coordinate distribution by particles fly onto every detector layer. The more intersected layers the larger distribution width is. The coordinate distribution is defined by statistical spread due to MCS, and depends on the number and position of the intersected detector layer elements. It has the same form as angular distribution
with the mean square deviation (distribution width) as the squares sum of the (i − 1) preceding distribution widths projected onto i-th detector layer
For an oblique incidence (θ = 0) the effective path length in the silicon detector is larger, and the same is the position distribution width on the next detector layers. Nevertheless, in this work we will consider only the minimal width (4), as to emphasize the precision limit in particle position measurement with a given silicon tracking system.
3 The Monte-Carlo particle scattering description.
The change of track parameters is usually [4] parametrized by two mutually orthogonal, uncorrelated scattering angles δθ plane,x and δθ plane,y or (δθ space and δϕ) which leads to a corresponding displacement δx plane and δy plane in the position. Following the stochastic nature of the MCS, we use the Monte-Carlo study by generating the joint (δx plane , δθ plane,x ) distribution with independent Gaussian random variables (w 1 , w 2 ) [4] 
The same have been used for the joint (δy plane , δθ plane,y ) distribution in yOz plane. Finally we constructed the incidence points distribution (coordinate distribution) on the detector layer no. 2, 3, 4 and 5. (see Fig.2 and Table 1 ), for an incident 500 MeV/c muon.
In Monte-Carlo simulated particle transport the particle position uncertainty on every detector layer has been measured as the variance or the mean square deviation of the scattered track incidence points x m about the unscattered one x 0
and similar for σ 2 y variance, for every detector layer. The x n (and y n ) are the coordinates of the scattered track incidence points on detector layer, and N is the total number of generated events.
The distribution widths σ x i of the muon track x-coordinate points on detector layer i= 2, 3, 4, 5 and for momentum values from 500 to 7500 MeV/c, are presented in Table 1 . There are also the analytical estimation of the same widths of the MCS incidence point distribution on each of the i-detector layer, according (4)
where l -the distance between detector layers (l = 1.5 cm) and θ 0 -the plane r.m.s. scattering angle (1) . This Monte-Carlo particle transport description within silicon detector system will be used as a coordinate data generator for the track reconstruction procedure.
Position error correlations.
MCS produces errors correlated from one layer to the next. Clearly a scattering in layer 1 produces correlated position errors in layer 2, 3 and so on (see Fig.3 ). The proper error matrix is non-diagonal [5] , and it must be find out.
Let's denote δx i the track deviation x-coordinate point on the i-th layer, with respect to the initial incident direction on the detector system, then (see Fig.3 )
where the individual contributions due to preceding scatterings are
Because they are statistical variables it is necessary to find their mean value, and to express it by the independent scattering deviations δ k , unaffected by earlier scatterings
We try to express the δx i deviations by the independent δ k ones (10), for which < δ k >= 0
Now the position error (covariance) matrix (V ij ), defined [4] as the statistical mean of the pair deviation products < δx i δx j > for all possible detection layers is
The (V ij ) matrix is symmetric. The error correlation matrix is immediately
The uncorrelated position errors in the coordinate reading σ 0 , have to be added in squares (σ 
As long as the V ij matrix elements depend both on kinematical characteristics of the detected particles and on the tracking detector system configuration, the ρ ij matrix elements are independent on particle characteristics, and is defined only by system configuration. In the following we will use these matrices in the track reconstruction by a least squares fit procedure.
Track reconstruction parameters and the errors
In the absence of the magnetic field, the unscattered track is a straight line. The independent description of x and y MCS data permits a separate least squares fit to these data by a linear relationship [6, 7] x = x 0 + α x z y = y 0 + α y z
With the coordinate and error data (x i ± σ x i ), (y i ± σ y i ), z i , along with the corresponding correlation matrix ρ ij (V ij = ρ ij σ x i σ x j ) as input data, it is possible to express the χ 2 in matrix form, for every coordinate data set. For x-data set it will be
where
. .
the V matrix is given by (12) and (14). Least squares criterion impose
By solving the linear system relative to A x we get the fit parameters
and the errors of these parameters
The same procedure we applied to y coordinate, as to find the fit parameters and errors; z i has no any uncertainty, they are detector position coordinates. Let's take an example. Using the particle transport simulation data within silicon tracking system, along with the variance matrix data V (14), we have been obtained the fit parameters and their errors (x 0 ± σ x 0 , α x ± σ αx ; y 0 ± σ y 0 , α y ± σ αy ). The results are presented in Table 2 .
The found track fit parameters, could be connected with some particle characteristic quantities as xy-vertex position (x 0 , y 0 ) and the xy-vertex uncertainty (σ ) and the particle production direction (θ ± σ θ , ϕ ± σ ϕ ). This last one is connected with the slope parameters α x and α y . See Table 2 .
and the corresponding errors
In Table 3 there are results on the reconstructed θ and ϕ direction values in comparison with the generated ones.
The xy-vertex position uncertainty, due to MCS in the detector material, have been also calculated as σ
and depends, of course, on particle momentum. If we want to reduce this error it is necessary to bring closer the detector tracking system relative to interaction point. The xy-vertex position uncertainty (resolution) dependence on particle (muon) momentum and z 1 distance to first detector layer is shown in Fig.4 . The result is useful in detector system design to find an optimal configuration in preparing the experimental work. Also, to have a choice for vertex resolution as a compromise between the best possible values in the proximity of the interaction point and the worse ones far from this point at the radiation harmless distance. The xy-vertex position resolution due to MCS errors combined with the intrinsic detector coordinate uncertainties, could not be better than the values shown in Table 4 . Nevertheless, from Table 4 and Fig.4 we see also that it is possible to have a better vertex position resolution if the detector tracking system is placed to a smaller distance from the interaction point.
Conclusions
We have calculated the uncertainties in particle characteristic parameters as vertex position and the particle flight direction, by a linear fitting procedure, using position error correlation due to MCS in succesive detector layers of a silicon tracking system.
The most important result shows these uncertainties are independent on individual track coordinates (see for example the errors for x 0 ,y 0 , and α x ,α y ) and they depend exclusively (see (20) and (22)) on the detector system configuration (geometry). The results are useful both in particle tracking system design and in experimental data analysis for pattern track recognition. The former one could use our analytical relations for particle parameter error estimation relative to diferent tracking system configuration. The later one could use our data fitting procedure, including system configuration dependence on the coordinate covariance matrix, in particle track reconstruction and the associated parameter determination. Table 4 : xy-vertex position uncertainty due to multiple Coulomb scattering by track reconstruction procedure. 
